Since fossil energy resources are exhaustible in the world, renewable biomass is considered as one of the useful future resources for energy and materials. In addition, when the biomass grows, it can contribute to the prevention of global warming by circularly absorbing CO 2 . There are different biomass utilization technologies such as the pyrolysis and gasifi cation, fermentation and combustion. For example, gaseous components are used as chemical products and used for energy production; these can be produced by the pyrolysis or synthesized by gasifi cation. However, there is the problem that condensable organic compounds, so-called 'tar' will also be generated during the pyrolysis and gasifi cation processes. Most of the tar components are present as gases at higher temperature inside of the reactors. However, a black oily liquid will be formed, leading to the equipment failure when the temperature is cooled down lower than their boiling points. Therefore, appropriate processing is required. As a processing method, catalytic decomposition of tar has been widely studied. In the present study, it was carried out for the thermal decomposition of cellulose in the experimental apparatus connecting two reaction tubes. Tar and gases generated by the thermal decomposition of cellulose in the fi rst reactor can be pyrolyzed with catalytic cracking in the second reactor. Tar contents were fi rstly cooled and collected. At the same time, the amount of gases was measured by a gas chromatograph with a fl ame ionization detector and a gas chromatograph with a thermal conductivity detector. Then, K and Ca were selected as the catalyst of alkali metals and alkaline earth metals contained in the waste biomass, which were present in the state of oxide or carbonate during the pyrolysis and gasifi cation. The amount of condensable products was decreased by installing catalytic contents of K 2 CO 3 and Ca(OH) 2 . Additionally, the amount of gaseous products was increased. It can be concluded that an alkali metal compound (K 2 CO 3 ) and an alkaline earth compound (CaO) have a catalytic effect to decompose tar contents, which can enhance gaseous production in the secondary reaction.
INTRODUCTION
The amount of energy consumption has increased in the world, especially in the developing countries. Petroleum oil, coal and natural gas are the exhaustible resources to fulfi ll the energy requirement in the world. Large amounts of carbon dioxide emissions occur when these former energy resources are consumed, promoting global warming. Recently, attention has been attracted toward the use of biomass as a renewable energy resource. Generally, biomass resources are present throughout the world. Thermal decomposition and gasifi cation methods are used to derive energy from biomass. Thermal decomposition is the reaction for generating gas (H 2 , H 2 O, CO, CO 2 and C m H n ), tar and char by heating the biomass. Gasifi cation is the reaction for generating further gas and ash by heating the char with a gasifying agent. The gas obtained by the thermal decomposition and gasifi cation mainly composed of H 2 and CO. These gases are used as fuel and for further synthesis of ammonia, liquid fuel, methanol, chemical products and a variety of derivative products [1] . However, the amount of condensable organic compound called tar is produced during the thermal decomposition and gasification. Tar clogs the pipe of gasifi er and breaks the turbine. Mechanical methods cannot recover energy from tar that are just removed from gaseous products, while thermal cracking requires high temperature (>1100°C) to convert them [2] . The catalytic tar decomposition has been proposed to overcome these drawbacks. In addition, the catalyst can enhance gas formation and modify the gaseous composition by promoting the reforming reactions of hydrocarbons. Tar reduction using a catalyst has been extensively studied. It has been reported that nickel-based catalysts, alkaline metal oxides and alkaline earth metal oxides are suitable to reduce the amount of tar [3] . Alkali metal and alkaline earth metal are present in the ash component of the biomass. Therefore, the possibility of tar reduction by ash in the biomass can be considered.
A fl uidized bed and spouted bed system are very important for the tar reduction. Because the contact effi ciency between tar and ash is high by blowing a gasifying agent, tar reduction by heterogeneous reaction also occur in these gasifi ers. The thermal decomposition and gasifi cation of biomass in a fi xed-bed system have been widely studied, but the heterogeneous reaction between tar and ash has not yet been studied [4] . The signifi cant catalytic effect of the ash can be evaluated using an experimental system that performs the heterogeneous reaction between tar and ash in a fl uidized bed gasifi er. It is well known that cellulose is a major component of wood and plant biomass [5] . Therefore, an experiment was conducted to determine the thermal decomposition of cellulose by constructing an experimental device that performs the heterogeneous reaction in a fl uidized bed gasifi er. Since catalytic heterogeneous reaction of ash with tar was achieved, the thermal decomposition experiment of cellulose was carried out by adding the tar products to the ash contents. The yields of char were calculated from the results of the thermogravimetric differential thermal analysis (TG-DTA) experiment. The condensable products of tar were cooled down and collected in a test tube to measure the yields, and the yields of gas were measured by a gas chromatograph with a fl ame ionization detector (GC-FID) and a gas chromatograph with a thermal conductivity detector (GC-TCD). More detailed results in this study newly added the debate on the contents of the conference paper published in 4th International Conference on Energy and Sustainability [6] .
MATERIALS AND METHODS

Materials
The experimental sample was the microcrystalline cellulose with an average diameter of 50 µm SERVA Electrophoresis GmbH. The chemical formula of this sample polymer could be approximated as (C 6 H 6 O 5 )n, by confi rming the linearly polymerized structure of the glucopyranose linked by β-1, 4-glycosidic bonds. The elemental analysis of cellulose was performed using a CHN corder (Model MT-5; Yanaco Co. Ltd., Japan), and proximate analysis was also performed. The composition of cellulose is shown in Table 1 .
Potassium and calcium were present as the catalytic species of alkali metal and alkaline earth metals in the ash contents of biomass. In this study, K 2 CO 3 (Wako, Pure chemicals, Co. Ltd., Japan, assay minimum 99.5%) and Ca(OH) 2 (Wako, assay minimum 96.0%) were used as model catalytic ash contents. In the gasifi cation apparatus, it was assumed that alkali metal and alkaline earth metal species were present as oxides or carbonates. Silicon dioxide was used as a fl uidizing medium. As fl uidizing medium was present in the gasifi er, high temperature was maintained in the furnace and biomass was dispersed [7] .
TG-DTA experiment for cellulose pyrolysis behavior
The pyrolysis of cellulose was carried out in a thermogravimetric differential thermal analyzer ( TG-DTA, Model DTG-60; Shimadzu Co. Ltd., Japan) to calculate the yield of char and to study the pyrolysis behavior. About 5.00-7.00 mg of sample was placed on the scales in the apparatus. The sample was heated up to 900°C at a constant heating rate of 10°C/min. Argon at a fl ow rate of 70 ml/min was used as the carrier gas to provide an inert atmosphere for the pyrolysis and to remove the gaseous and condensable products.
Thermal decomposition of cellulose
Experimental apparatus for cellulose pyrolysis and gasifi cation
The scheme of the experimental setup used for cellulose pyrolysis and gasifi cation is shown in Fig. 1 . It was composed of gas feeding system, pyrolysis system, tar decomposition system, condensable products trapping system and gaseous products measurement system. Pyrolysis system and tar decomposition system consisted of the two stainless connecting reactors (Inner Diameter: 21.4 mm, length: 500 mm). Cellulose, K 2 CO 3 , Ca(OH) 2 and silicon dioxide were placed on the mesh (40 µm) in each reactor. This apparatus can be independently heated in two different electric furnaces while the gas mixture coming in contact with the catalyst. Therefore, heterogeneous reaction between tar and ash can be carried out using the apparatus. The lines between the fi rst and second reactor as well as between the second reactor and the condensable products trapping the system were heated at the temperature of around 300°C-400°C to avoid the condensation of tar. The condensable products were collected by cooling the test tube, and the collection effi ciency was improved by using glass beads. The cooling bath was kept below −3°C by mixing water, ice and sodium chloride. The gaseous products were measured by a GC-TCD/FID (Model GC-2014; Shimadzu Co. Ltd., Japan). In this study, ten kinds of gas were determined as gaseous products. H 2 , CO, CH 4 and CO 2 were measured by a GC-TCD, while hydrocarbons (C 2 H 6 and C 2 H 4 , C 3 H 8 , C 3 H 6 , iso-C 4 H 10 , n-C 4 H 10 ) were measured by a GC-FID.
Experimental procedures
The operative conditions of the experiment are reported in Table 2 . Cellulose, catalysts, and silicon dioxide were placed in each reactor under the conditions given in Table 2 . The second reactor was heated up to a predetermined temperature under argon at a constant fl ow rate. Then, the fi rst reactor was heated up (up to 900°C at 10°C/min), and the gaseous products were measured at each 80°C interval from 180°C to 900°C by a GC-TCD/FID.
Yields of pyrolysis products
The yields of char were calculated by TG-DTA analysis. The yields of condensable products were determined by the weight difference of the test tube before and after the experiment. The yields of gaseous products were calculated from the measurement results of GC-TCD/FID. Also, the yields of residue materials were calculated by subtracting the amount of char, the amount of condensable products and the amount of gaseous products from the amount of cellulose. The residue materials were deposited as coke on the catalyst surface and the secondary products of char remained in the apparatus.
RESULTS AND DISCUSSIONS
The behavior of cellulose pyrolysis from TG-DTA analysis
The pyrolysis characteristics, both TG (wt%) and DTA (µV) curves, of cellulose were determined with a TG-DTA ( Fig. 2 ). Rapid weight loss of cellulose was observed from 300°C to 400°C, and then the weight loss progressed slowly. The endothermic peak observed at the temperature ranging from 300°C to 400°C indicates that the thermal decomposition of cellulose occurred in this temperature range [8] . Furthermore, the weight loss was also observed in the same temperature range. Thus, it should be predicted that a large amount of thermal decomposition products had been released in this temperature range. But slow weight loss was continued after 400°C. This indicated that a small amount of thermal decomposition products had been released. When the temperature was higher than 400°C, almost all cellulose was pyrolyzed and a very low amount of solid residue Argon fl ow rate (ml/min) 70 was left. Experiments were carried out several times under the same conditions with ±5% maximum error. Thus, in this study, the yields of char from cellulose pyrolysis were calculated as 8.90 (wt%).
Thermal decomposition of cellulose
Effect of pyrolysis temperature
The molar quantity (mmol/g-cellulose) of H 2 and CO generated by the thermal decomposition of cellulose in each second reactor temperature conditions is described in Figs 3 and 4 , respectively. The molar quantity of H 2 increased with the increase in the second reactor temperature. The molar quantity of H 2 was maximum when the second reactor temperature was 900°C, but it was minimum at 500°C. When the second reactor temperature was 500°C, the generation of H 2 began to increase rapidly after about 600°C. At other second reactor temperature conditions, the generation of H 2 was also observed in that temperature range. However, H 2 generation was remarkable between 300°C and 500°C. When the second reactor temperature reached 500°C, only a small amount of H 2 was generated in that temperature range. The molar quantity of CO increased with the increase in the second reactor temperature. When the second reactor temperature was 900°C, the molar quantity of CO was maximum, while it was minimum at 500°C. The generation of CO was remarkable from 300°C to 500°C in all second reactor conditions. The molar quantity of all gas species increased with the increase in the second reactor temperature; it may be happened for the secondary pyrolysis reaction of cellulose pyrolysis products in the second reactor. It seems that a large amount of pyrolysis products have been pyrolyzed again and have contributed to the active gas generation at the temperatures ranging from 300°C to 500°C. Heavier tar could be pyrolyzed at higher second reactor temperature; thus, the generation of additional gas and carbon constituent could be expected. In different temperatures, a large amount of gas was produced from the secondary pyrolysis and gasifi cation of tar compared with that from the primary pyrolysis. That could be the reason for the signifi cant difference in the molar quantity of gas production [9] . In the case of second reactor temperature at 500°C, it can be estimated that the secondary pyrolysis and gasifi cation of tar was not occurred much. The molar quantity of H 2 was low, since the remarkable generation of H 2 was not observed from 300°C to 500°C when the temperature of second reactor was 500°C.
The pyrolysis experiment of cellulose has been performed to evaluate the secondary pyrolysis and gasifi cation of tar. The fi rst reactor was empty and was not heated. Cellulose (2.00 g) was placed in the second reactor. Then, the second reactor was heated up (at 10°C/min up to 900°C) and the gaseous products were measured at each 80°C interval from 180°C to 900°C by a GC-TCD/FID. Figure 5 shows the gaseous products profi les of cellulose pyrolysis only (a) and silica-500°C (b). The molar quantity at the experimental condition (b) was slightly more than at the experimental condition (a) in all gas species. In the case of experimental condition (a), H 2 generation was not observed between 300°C and 500°C, but it was observed at 600°C and more than that. From these results, it could be considered that the secondary pyrolysis and gasifi cation of tar was occurred at 500°C in the second reactor but the effect was very small.
The mass balance of cellulose pyrolysis products in each second reactor conditions are given in Fig. 6 . The amount of condensable products was decreased with the increase in the second reactor temperature. When the second reactor temperature was 900°C, the amount of condensable products was less. While the second reactor temperature was 500°C, the amount of gaseous products increased about 9.5% and the amount of condensable products decreased about 19.8% compared with cellulose only and the amount of residual materials increased. However, in the case of cellulose only, the amount of residual materials was comparatively less.
In the second reactor, it could be estimated that coke was produced by the secondary pyrolysis and gasifi cation of tar, while in the case of cellulose pyrolysis only, these reactions did not occur. Therefore, the production of coke was limited. It can be estimated that further gas generation was occurred due to the reaction of coke with pyrolysis product gas. It can be concluded that temperature conditions of the secondary pyrolysis and gasifi cation of tar are very important to reduce tar products.
Catalytic effect on cellulose during the thermal decomposition
The molar quantity (mmol/g-cellulose) of H 2 and CO is indicated in Figs 7 and 8 , respectively, which were produced by the thermal decomposition of cellulose when the catalyst was added. The molar quantity of H 2 increased approximately 10.3% after adding K 2 CO 3 compared with the molar quantity observed at the presence of silicon dioxide only at 700°C. However, the total quantity of H 2 increased nearly 80.1% after adding Ca(OH) 2 . Compared with the presence of silicon dioxide only in the second reactor at 800°C, the molar quantity of H 2 increased about 4.3% and 23.4% when K 2 CO 3 and Ca(OH) 2 were added, respectively.
The molar quantity of CO increased about 15.8 % with the increase of the second reactor temperature from 700°C to 800°C. Comparing with the presence of silicon dioxide only in the second reactor at 700°C, the molar quantity of CO increased about 49.5 % after adding Ca(OH) 2 . The molar quantity of CO was higher than those at the temperature raised condition (700°C-800°C) when Ca(OH) 2 was added without changing the temperature of the second reactor.
In the case of same temperature conditions in the second reactor, the molar quantity of all gas species increased after adding K 2 CO 3 and Ca(OH) 2 . On the basis of these results, it can be concluded that addition of K 2 CO 3 and Ca(OH) 2 signifi cantly increased gas production. The amount of gas produced was relatively higher in the presence of Ca(OH) 2 than K 2 CO 3 . Second reactor temperature (°C)
The mass balance of cellulose pyrolysis products in the case of installed catalysts is presented in Fig. 9 . The amount of gaseous products increased about 12.4% after adding K 2 CO 3 compared with the presence of silicon dioxide only at 700°C. However, the amount of gaseous products increased nearly 48.5% after adding Ca(OH) 2 compared with the presence of silicon dioxide only in the second reactor at 800°C. The amount of gaseous products increased about 19.1% and 71.3% in the presence of K 2 CO 3 and Ca(OH) 2 , respectively. The amount of condensable products decreased about 0.6% after adding K 2 CO 3 compared with the condition where silicon dioxide only was placed in the second reactor at 700°C. However, it decreased nearly 4.8% when Ca(OH) 2 was added. The amount of condensable products decreased nearly 11.9% and 18.0% in the presence of K 2 CO 3 and Ca(OH) 2 , respectively, compared with the presence of silicon dioxide only in the second reactor at 800°C. On the basis of the current fi ndings, it can be concluded that K 2 CO 3 and Ca(OH) 2 have an effect on tar decomposition. Also, it can be estimated that tar was decomposed by the catalyst, which produced coke on the catalyst surface. Subsequently, it reacted with pyrolysis product gas, which increased the amount of gaseous products. Therefore, the residual materials decreased. In this study, the amount of residual materials was approximately 20%-40%. It is guessed that residual materials can be a source of gas in the presence of gasifying agent and under high temperature conditions. Ca(OH) 2 has more catalytic effect than K 2 CO 3 . But the role of K 2 CO 3 might have been underestimated. Because K 2 CO 3 reacts with silicon dioxide to form glass at the temperature around 800°C [10] . Furthermore, in this study, the weight ratio of K 2 CO 3 and silicon dioxide in the glass was similar to the previous literature [11] . The melting temperature of K 2 CO 3 is around 900°C. Thus, in this study, K 2 CO 3 did not decompose into K 2 O and CO 2 [12] . In fl uidized bed gasifi er, it has been reported that fl uidizing medium reacts with alkali metal and alkaline earth metal in the ash. Such an agglomeration reaction brings about defl uidization [13] . It can be considered that the agglomeration reaction in this study was mainly derived from inorganic materials, not from the organic materials such as tar, because the catalyst and silica were heated previously. It was suggested to consider reactivity between the catalysts and fl uidizing medium. In this study, Ca(OH) 2 existed in a state of CaO. Under high temperature, tar and secondary product char adhere to its surface [14] . Adhering material reacts with the pyrolysis product gases, which are further produced. Additionally, the polarity of the active site of CaO can affect the π-electron cloud's stability of condensed aromatic compounds, and CaO itself has a cracking active site on both inner and outer surfaces [15] .
CONCLUSIONS
In this study, the thermal decomposition of cellulose has been carried out using an experimental apparatus connecting the two reaction tubes. The apparatus could perform the heterogeneous reaction between tar and ash in a fl uidized bed gasifi er. When the second reactor temperature increased, the secondary pyrolysis reaction of cellulose pyrolysis products in the second reactor was promoted. Consequently, the production of gas increased and that of tar decreased. Alkali metal K and alkaline earth metal Ca were selected as the catalytic contents because of their considerable presence in biomass. They may act as the catalytic contents for tar decomposition. As the catalytic effect of alkali metal K and alkaline earth metal Ca, they increased the gas and reduced the condensable organic compounds. The catalytic effect of Ca(OH) 2 was comparatively superior to K 2 CO 3 . However, the role of K 2 CO 3 might have been underestimated. Because K 2 CO 3 forms glass by reacting with silicon dioxide at the temperature around 800°C. Based on the results of the present study, it can be concluded that K 2 CO 3 and Ca(OH) 2 have the catalytic effect to decompose the tar to enhance gaseous production even when it was reacted with silicon dioxide. Also, temperature conditions of secondary pyrolysis and gasifi cation of tar is important to reduce the amount of tar. In the case of using ash as a catalyst, it is necessary to take into account the reactivity between the fl uidizing medium and ash.
